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LEAKAGE OF GAMMA RADIATION THROUGH SPHERICAL AND CYLINDRICAL VOIDS ™

The work reported here represents a continuation of the work

deseribed in BNI~158, The present report is intended for

most purposes to supersede BNL-158, and a summary of the re
t BNI-158 1s included in ent _rer

SRRy -1

I, EXPERIMENTAL ARRANGEMENT

The messurements reported here were made in the BNL water
tank sﬂielding facility, which has been described in detail in BNL-139
(T-26) . Measurements vere made with: (a) a brass—walled GM counter,
one inch in diameter by four inches in length, shielded on all sides by
two and one-helf inches of lead; and, (b) a graphite-walled ion chamber,
one inch in diameter by four inches in length. The GM counter has the
advantage of high sensitivity permitting measurements of high precision
for tho determination of the detailed shape of flux patterne, It has
the disedvantage of an energy response which is enhanced in the high
energy region of the spectrum, due to the heavy lead shield which is

used lo reduce the flux to a measurable value. The ion chamber has an

approximately tissue-squivalent response to gamma ray flux but has too

low a sensitivity to permit measurements with small voids.

The experimental arrangement is indicated in Figure 1, which
shows the GM counter in posi.tion to measure the leakage throuch a
spherical void, The tank is filled with water to a depth of 143.25 inches.
An ocutlet is provided at the top of the tank, so that the water level re-
rains constant when a void is Placed in the tank. The counter or ion

chamber 18 mounted with its axis of symmetry vertical and with a clearance
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of one inch between the bottom of the detecter and the Qafaer surface,
Flux measurements are then made at various points in the horizontal
plane,

A natural uranium source plate, 39-5/8" x 39-5/8" x 5/8",
is mounted below the tank to provide a fission source of gamma rays
and neutrons. The top surface of the source plate is shielded with
boral from thermal neutrons scatiered from the water tank. A plate
of blemath, 3-5/8" thick, is mounted below the source plate to sup-
press gamma ray leakage from the pile reflectqr. Even with the bismth
shield in place, the fraction of the gamma ray flux at the surface of
the water tenk which is attributed to the source plate is only about
five per cent of the total flux, Thus, the gamia ray measurements are
primarily characteristic of the pile gamma rays andﬁ those produced Yy
neutron capture in the material surrcunding the water tank facility.

II. MEASUREMENTS

A. Notation
The following notation is used im this report.

x = porth-south coordinate of the detector axis,
south is positive, north is negative,

y = west-east coordinate of the detector axis,
east is positive, west is negative,

The center of the tank is taken as x =y = O,

z = thickness of water between the detector center
and the bottom of the tank.

;, -y' = x and y coordinates of the center of the void.
re(lx-0%f - ;)2)1’, and is the radial distance

of the axie of the detector from the center of the
void. »
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D = diamester of a gpherical or cylindrical void*o

H = distance of the top surface of a spherical void
below the water surfacs.

L = length of a cylindrical void .

N = detector response with a void present, expressed
in countz per mimite for the GM counter and in
Roentgens per hour for the ion chamber,

No = detector response with no void present,

P » pile power in megawatts,

le 2T x (N/No-1)dr, the excess leakage integral

which is a measure of the total radiation
emerging from a shield due to the presence of
a void.

W = width at half maximn of the curve (N/No-1) as a
function of r.

* These are nominal dimensions only. The actual dimensions and wall

thicknesses of the aluminum shells encasing the voids are given in
Ta.ble 11. »

B. Flux Pattern with No Void

Measurements were first made with no void in the water tank.
The results are plotted in Figures 2 and 3. The emerging flux is seen
to have a maximum value near the center of the tank., In the case of the
jon chamber measurements (Figure 2), the flux pattern curves are fairly
symmetrical about the center of thg tank, In the case of the GM counter
measurements (Figure 3), the flux pattern curves exhibit a maximum
slightly to the south and to the east of the center of the tank. The
shifting of the maximum to the south is attributed to the presence of
the reactor cooling gap which iz south of the water tank., The shifting

of the maximum to the east may be the result of a thermal column on the
west gide of the water tank,




The fact that the displacement of the maximum in the flux
pattern is observed with the shielded GM counter and not with the ion
chamber is believed to be a consequence of the different energy responéo
of the two detectors. The GM counter, enclosed in a tvo and one~half
inch lead shield, is responsive only to the more penetrating ecomponents
of the radiation emerging from the tank. Thus, the flux measured by
this counter consiste mainly of the primary radiation which originates
&t the bottom of the tank and emerges from the surface of the water with
Jittle or no scattering. The flux pattern measured by tris counter is
thus strongly dependent upon the flux pattern at the bottom of the tank.
Ths ion. chamber, on the other hand, responds to low energy secondary
radlation with fair efficiency. The flux pattern measﬁred by this de-
tecfor is thus strongly influenced by scattering in the vater, and only
the more pronounced features (L.e., dropping off of flux pear the tank
wall) of the primary flux pattern are observed with thie detector. Thus,
the variation of flux with korizontal distance is much less in the ion
chamber measurements than in the GM counter measurements, and the

shifting of the meximum is not observed at all,

C.

Measurements were made with spherical voids having diameters
of four, six, eight, twelve, and eighteen inchee; and with e¢ylindrical
voids havihg diameters of two, four, six, eigﬁt, twelve, and eighteen
inches, The spheres were placed in the center of the tank, and flux
patterns were measured as a function of the depth of the sphere below
the water surface, The cylinders were placed in the center of the tank

with the axis of symmetry vertical, and the top surface of the cylinder
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barely submerged below the water surface. Flux patterns were meawmd
as a function of cylinder length,

The plle power was monitored periodically by positioning the
detector in a standard position and checking the detector response.

During the course of the experinments, a BFB counter monitor with continu~

. ous recording was installed in a corner of the tank to correct for short

time variations in pile power. The detector readings were corrected for
resolving time (in the case of the GM counter), background, and pile
power level,

The data are presented as the ratio of detector response N,
with the void present, to the detector response No, with no void present.
This may be expscted, to a first approximation, to correct for the
variation with position of the flux pattern with no void present.,

In some cases, particularly in cases where the void was some
distance below the water surface, the void was not positioned exactly
in the center of the tank. This resulted in a shift in the peak of the
flux pattern obtained; and the amount of miscentering could be determined
and corrected for by observing the amount of this shift. Since the flux
reaching the detector decreases as the height of the detector above the
water surface is increased, it is necessary to correct the observed dats
for the decrease in observed flux due to the height of the detector above
the water surface. This correction was obtained for N/Ho(r = 0) as a
function of D, H, and L by measuring No and N as a function of height of
detector above the water surface for a variety of voids. In this way, a

correction factor, F, is obtained which mist be mltiplied by the observed




K/No(r = 0) to give the value corresponding to a detector at the surface
of the water. This correction factor is given in Table 1. It is as~
gsumed that no correction is necessary in the case of the‘ excess leakage
integral, I, s:lnoe’ the reduction in height of the flux pattern should be

accompanied by a corresponding increase in width,

D. Regults

The results of the sphere and cylinder measurements are
presented in Tables 2 to 7 and in Figures 4 to 29, The GM counter sphere
measurements have been reperted previously in BNL-158, and individual flux
pattern curves are not included in the present report.

Summaries of the sphere measurements are presented in Tables
2, 3, and 6 and in Figures 26 and 28, There is seentobegoodagreez;ant
between the ion chember and GM counter measurements in all cases where the
precision is sufficient to afford an accurate comparison. These measure=-
mente are also in agreement with a semiempirical theory described im a
separate report*o An interesting feature of the excess leakage integral
curves (Figurs 28) is the epproximsie independence bf this integral on
the depth of the sphere below the water surface.

Summaries of the cylinder measurements are presented in
Tables 4, 5, and 7 and in Figures 27 and 29, There is a definite dis- -
crepancy betueen the lon chamber and GM counter results in the peak ulue
of N/No, although the excess leakage integral curves show fair agreement.
The discrepancies are believed to be attributable to the difference in

energy response of the two detectors, and are discussed in a later section.
* Borbert J., Kouts, BNL Log No._C-6459 (in press)
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III, SUPPLEMENTARY EXFERIMENTS

A. Effeck of Detector Size

Since the dimensions of the lead shield surrounding the GM
counter are not small compared to the void diameters, an experiment was
carried out to determine the effect of the size of the shield on the
width of the flux pattern curve, A shield was constructed which was open
at the bottom, so that the end of the counter was unshielded. The sides
and top of the counter were shielded by two and ome~half inches of lead,
4 one inch diameter counter thus shielded should be equivalent to a one
inch diameter disc-shaped counter. Flux pattern curves were obtained for
a four inch diameter sphere with a counter shielded in this way and with
a counter shielded in the manner described previously., No difference
was observed in the half-uidth of the excess leakage curve ((N/No - 1) vs r);
although the peak value of N/No was somewhat increased in the case of the
partially shielded counter, because of the collimating effect of.the open-
ended shield. It is concluded from this that the effective diameter of
the fully shielded GM counter is no greater than one inch, and the effect
of covuter. size on the observed flux patterns should be small. The ion
chamber was mounted, 1ike the GM counter, with its exis vertical and thus

presented a minimm arsa to the radiation from the tank,

Since the lead shield around the GM counter was cylindriecal
in shape with a flat bottom, as indicated in Figure 1, the counter may
be expected to be more sensitj.ve to radiation from directly below the
counter than to radiation which comes obliquely from off the counter axis.




This is because the oblique radiation will have to penetrate somewhat
more lead than the axial radiation. To test the influence of this ef-
fect, the lower end of the shield was rounded so as to present approxi-
mately the same amount of lead t.o radiation from all directions. Several
of the flux pattern curves were repeated with the rounded shield. Al~
though both N and No were increased, no significantly different values

of §/Bo were observed with the new shield. It is concluded from this that
the radiation to which the shielded GM counter responds is mainly the
penetrating primary radiation which emerges in a nearly vertical dirsction
from the tank. |

Attemuation curves in the water tank with no voids present
vere obtained with both the shielded GM counter and the ion chamber. In
making the GM counter measurements, the water va.s drained from the tank
in four inch steps and the counter was lowered so as to remain always
one inch above the water surface. When the counting rate became too high
for reliable counting, the pile power was decreased; and the decrease in
source strength was determined by measuring the counting rate before and
after the cha;nge in pile power, Baekgroumi corrections were made by
obgerving the decay rate and variation with water level of the counting
rate with the pile shut down, Measurements with the ion chamber were
" made with the water tank full and at full pile power, the ion chamber
being submerged at various depths in the water. ‘Below a water depth of

seventy-six inches, the ion chamber was replaced by a less sensitive
c!;ambsr of essentially thé same dimensions. The resulting attenuation

curves are presented in Tables 8 and 9 and in Figure 30, These curves .

9=




are not corrected for the finite size of the source. The observed at-
temuation length in the water tank betwesn fifty-five and one hundred
forty-three inches of water is 31.6 cm as measured by the ion chamﬁer
and 36 cm as measured bty the shielded GM counter. This appears to
support the conclusicn of the previous section that the shielded GM
counter respords preferentially to the more penetrating components of
the radiation,

Ion chamber measurements were made of the gamma ray flux
throughout the water tank with no voids present. These measurements
are presented in Figures 31 to 46. It is seen from these curves that
the flux near the tank bottom is greater on the south side than on the
north side and greater on the west side than on the east side. This is
to be expected since the water tank is located north and east of the
center of the pile; The greater varistion in the north-south direction
than in the east-west direction is to be attributed to the cooling gap
which runs east and west through the center of the pile, and gives rise
to a large amount of neutron streaming along the face of the pile re-
flector, Measurements at successively higher levels in the tank show
less and less of this assymmetry; and after a level of about sixty inches
ie reached, the flux pattern curvee are fairly symmetrical. The curves
at all levels show a pronounced drop in the flux near the walls of the
tank,
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An attempt was made to meesure the angular distribution of
the gamma radiation emarg:_tng from the water tank with Ano voids present.
A four inch by four inch by twentsv.four inch lead eblﬁixatof with a one
inch diameter hole through the long axis was mounted above the water
tank and aimed at the water surface in the 'cente'r of the tank, A GM
counter was mounted in the end of the collimator as shown in Figure 47.
The angle between the ccllimator axis and the vertical axis of the tank
was varied in the east-west plane, and at each angle the counting rate
was observed. A background correction was obtalned at each angle by
nmng the collimator with a lead plug. The counting rate, with back-
ground subtracted, was taken as a measure of the radiation reaching the
counter through the hole in the collimator. In order to simlate the
difference between the ion chamber and ﬂze shielded GM counter, the
measurements were repeated with a two and one-half inch lead shield
fixed inside the collimator directly in front of the counter. The re-
sults are presented in Table 10 and in Figures 48 and 495

A collimation measurement of ﬁﬁs type is subject to the
criticiam that there may be scattering of radiation by the lead plug
during a background measurement, so that the difference between readings
with and without the lead plug is not a true measure of the radiation
passing through the hole in the collimator. In order to study the in-
porta.nce of thig effect, the measurements were repeated with the back-
ground determined by placing a two inch diameter by six inch long lead
plug in front of the collimator midway between the collimitor and the
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water surface. The resulting angular distribution curves were not
appreciably altered by this change in the experiiental arrangement.
It is concluded from this that the results obtained are substantially
correct. |

A striking feature of the angular distribution measurement
is the fact that there are two maxime, at approximately eight degrees
on either side of the vertical axis, This is presumably an indication
that a large fraction of the observed gamma radiation is due to neutron
capture in the walls of the tank and the surrounding medium near the
bottom of the tank, If this is the case, then further measurements
would be expected to show that there is a cone of radiation originating
in a ring-shaped source near the bottom of the fanko There is some in-
dication of this in the north-south traverses near the bottom of the |
tank (Figures 43 and 44). Further measurements will be required in order
to verify this point completely. | |

IV. DISCUSSION OF RESULTS

Although the sphere results show substantial agreement between
the ion chamber and shielded GM counter measurements, there is an appreci-
able disecrepancy in the case of the cylinder measurements.

It is seen from Figure 27 that the effect of the void on the
peak value of N/No as measured by the ion chamber is less than the effect
as measured by the GM counter. This difference ie presumbly due to the
fact that the GM counter, shielded by two and one-half inches of lead,
is mainly responsive to penetrating primary radiation which is traveling

.]_2-.




in a nearly vertical direction. This view is supporied by the fact
that no difference in N/No was observed when the nose of the lead
shield was cut away to present the same amount of lead to radiation
from a1l directions., This view is also supported by the facﬁ that

the attemation length in the water tank (Figure 30) is longer in

the case of the GM counter measurements than in the case of the ion
chamber measurements. Finally, the angular distribution measurements
(Pigures 48 and 49) exhibit soms features which are also in accord
with this view. These measurements indicate that the radiation emerging
at various angles shows a cutoff at about £ 15° when measured with a
shielded counter, whereas the unshielded counter detects an appreciable
amount of radiation at larger angles.

The excess leakage integral (Fibres 28 and 29) is apprcxi-
mately the same in post cases whéther measured with the 19n chamber or
with the GM counter, Apparently, the total emerging flux, the deter-
mination of whiczh requires an integration over the entire shield face,
is mich less sensitive to the angular distribution than is the peak
value of N/No, Thus, the larger peak value of %/No which is obtained
with a detector responding to the vertical flux appears to be compen-
sated by the larger spread in angle of the radiation detected by a
detector responding to tﬁe isotropic components of the flux.

The measurements with the ion chamber,'which ﬁas an approxi-
mately tissue—equivalenf. energy response, are to be considered more
reliable than thoss ulth the shiclded GM counter, The GM counter
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measurements are of interest, however, in showing the influence of angular
distribution on the effect of a void. In particular, it may be pointed
out that the "ecaling down" process of expressing all dimensions in terms
of the attemation length of the observed radiation may lead to some errof
if the angular distribution is not taken into account. Thus, although the
attenuation length as observed with the GM counter is greater than that
observed with the ion chamber, the effecb of a given size of void on the
peak value of N/Fo is greater, This 16 the reverse of the situation that
would be predicted by scaling down the dimensions of the void by the at-
tenuation length factor. Comparison of the excess leakage integrals
measured with the ifon chamber and with the GM counter indicates that the
excess leakage integral is not particularly sensitive to the angular
distribution. Thus, the excess leakage integral reeults presented here
may be of fairly general interest,




V. FIGURES
1, Water Tank Facility

2, Gamma Rey Flux at Water Surface with no Voids (Ion chamber)
3, Gamma Ray Flux at Water Surface with no Voids {GM Counter)
4=8. Ion chamber Sphere Flux Patterns
9-18. Ion chamber Cylinder Flux Patterns
19-25. GM Counter Cylinder Flux Patterns
26, K(o)/No(o) for Spheres
27. N (o)/No(oj for Cylinders
28, Excess leakage Integral for Spheres
29, Excess Leékage' Integral for Cylinders
30, Attemmation Curves in Pure Water
3146, Flux Inside Tank
47. Angular Distribution Measurement Apparatus
48, Angular Distribution Measurement with Unshielded Counter

49, Angular Distribtution Measurement with Shielded Counter
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VI. TABLES
1. Correction Factor_for Height of Detector Ab'ovver Hater Surface
2. Ion Chamber Sphere Moasurements
3. GM Countey Sphere Measurements
4o Ion Chamber Cylinder Measurementg |
5. GM Counter Cylinder Measurenentg

6. Sphere Measurements, Gorrecuc(i for Height of Detector
Above Water Sarface :

7. Cylinder Mea.eurements, Corrected for Hoight of Detector
Above Water Surface '

8. Ion Chamber Attemuation Measurement in Pure Water
9+ GM Counter Attemtiqn Measurement 1, Fure Water
10, Angular Distribution Measurement

11, Voiq Dimensiong
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TABLE 1 - CORRECTION FACTOR FOR HEIGHAT OF DETECTOR AEOVE WATER SURFACE

SPHERE MEASUREMENTS

D " F F
(inckes) (inches) (Ion Chamber) (GM Counter)

18 0 1,05 1,06
18 18 1.03 1,04
18 36 1,01 1.03
12 0 1,05 1,07
12 12 1.04 1.06
12 24 1,02 1.05
12 36 Y 1,03
8 0 1.05 1.09
8 8 1,02 1.08
6 0 1.05 1,07
6 6 —— 1.06
4 0 1,02 1.06
lp ly - 1 .:00

CYLINDER MEASUREMENTS

¥
(inches) (inche g) (Ion Chamber) (GM counter)
18 24 1.00 1.03
18 36 1.03 1.04
18 48 1.06 1.06
12 24 1.01 1.06
12 36 1.09 1.17
12 48 1.10 1.1
12 60 1.10 1.13
12 72 ' 1.09 1.1
8 2 1,08 1.15
8 36 1.14 1.19
8 L8 1.16 1,20
8 60 1.15 1.19
8 72 1.12 1.17




TABIE 1 e=——econtimed -

CYLINDER

D
(1hche6) (inches)

DRNNODONRNRDN SRENARREN OGO RR BERKRG

KEEBseasswr EEseastwr

L

8s .
96

- 108

108

" 142.75

MEASUREMENTS

F F
{Ion Cramber)  (GM Counter)

1.10
1.08
1,06
1.04

1.14
1.20
1.21
1.19
1,16
1.13
1.1
1,10
1.09

1.21
T 1.2

l.21 -

1420
1,20
1.18
1,16
1.13
1.08

1.17
1.12
.1.08
1.07
1.06

1.15

. 120

1.20
1.20

1.20 )

1,18
1.16
134

1.12
1,22

1,20

1.17
1.14
1l.11
1.09
1,08

1.1
1.1
1.10
1.10
1.09
1.09
1.08
1.08
1.07
1.06

1,06

6T~




TABIE 2 .. ION CHAMBER SPYERE MEA&’RE*ENTS
(Uncorrected ior Height of Detector Above Water Surface)

S ¢
(Square)

D . H N/¥o W
(inches) (inches) {r = 0) (inches) (inches)
18 0 2,70 U 355
18 18 2.2, 18 47
18 36 1,78 30 686
12 0 1,91 10 102
12 12 1,66 11 87
12 24 1.35 18 9%
‘ 8 0 1.54 7 30
| . )
8 8 1.35 8 29
| 6 0 1.32 6 29
4 0 1,17 8 n




TABIE 3 ~ GM COUNTER SPHERE MEASUREMENTS
(Uncorrected for Helght of Detector Above Water Surface)

1
D H N/¥o W (Square)
(Lnehes) (inches) (r =0) (inches) (inches)
18 0 2.61 15 324
18 18 2.23 16 426
18 36 1,72 2, 460
12 ) 1.87 10 7.0
12 12 1.65 10 87.6
12 2, 1.35 15 92.9
12 36 1.17 25 92,7
8 0 1.48 6 19.6
8 8 1.34 7 19.4
8 16 1.18 10 249
6 0 1,30 45 6.3
6 6 1,20 6 7.7
6 12 1.12 8 7.9
0 1,17 4 2.9
4 4 1.09 7 4"




TABLE 4 - ION CHAMEER CYLINDER MEASUREMENTS

D
(incbes)

BR&E

DNONDONN BDPEBRBRPERD OO ORNBRBHRR®R F;’SK;BB'

(Uncorrected for Height of Detector Above Water Surface)

L
(1nches)

R

36

CEEar BRseusiyr EErpdosyir BERRIssRl 23358 &

142,75

N
(r/goo)

4410
745
12,8

5.70

7.20

9.70
12.5
18,0

2.43
3.13
4000
4,72
5040
7.70
10.7
17.2
28,7

1.70
2,02
2,22
2,95
3.00
3.90
5,00
8.80
15,0

1.48
1.62
1.75
1.69
1.80
2,15
2.65
3.9
5.80

1.25
1.39
1.62
2.20
3.40
6.60

19
20
20

;ete

&S

.
w

R

[+ 23]
PR
R \R

”r‘&z\?y\» ?:ﬂ\h\h\h\hd
(CIRCT W

W I
(inches) (Sq. inches)

809
2420
7080

656
1640
2950
4910
6090

vt
W

=70= .




TABLE 5 - GM COUNTER CYLINDER
{Uncorreated for Heigh

D
{inches)

18
18
18

NNNNNNNNDNR ARSSSRESERN COOOO00 SXBRRR PRRRR

L
(inckes)

24
36
48
2/
36
48

72

142,75

MEASUREMENT'S

N/¥o
{r = 0)

3,75
7.75
145

3475

6.10

8.10
11,0
1545

2.83
3.64
4e55
595
7.75
10.3

2.26
2,64
3.00
4005
475
6,00
8,10

1.58
1.82
2,02
2.2,
2,65
3.20
4e25
5055
7.65

1.08
1.1
1,18
1.24
1.32
1.46
1.66
2.05
2.55
3.90
12.0

W I
(inches) (sq. inches)

17
18
18

11
12.5
14
10
10

8
10
10

10
10
10

SRV OO0 OIIRROC
AR\t

INEXRER LR CRANAVIR SN o L |

766
1921
4025

325
800
1331
2215
3645

15
252
436

803
1074
1458

85.8

161
185
185

4e5
10.8
8.1
10.3

7.9
13.4
13.8
12,0
114
20.3
58.6

t of Detector Above Water Surface)




TABLE 6 - SPHERE MEASUREMENTS (Corrected for Helght of Detector

D
{inches)
18

H
(inchss)

0

18

36

Above Water Surface)

(N/¥o) ra0
Jon Chamber

2.8
2.30
1.80

2.00

1,73
1.38

1.62
1.38

1.38

1.19

(N/No)re0
GM Gounter

2,77
2.32
1.77

2,00
1.75
1.42
1.21

1l.61

1.45
1.25

1.39
1.27
1.18

1.24
1.09

w2




TABIE 7 . CYLINDER MEASUREMENTS (Corrected for Height of Detector
Above Water Surfacs)

D L (N/No)r = O (N/No)r = ©
(1nches) (inches) Ion Chamber GM Counter
18 24 4410 3.86
18 36 7.68 8,06
18 48 13.6 15.4
12 24 ————— 3 098
12 36 6.20 7.14
12 L8 7.9 9.25
12 60 10,7 12.4
12 72 13.6 17.2
8 24 2,62 3.26
8 36 3.57 4.33
8 48 4,65 5.45
8 60 5042 7.08
8 72 6.05 2.06
8 84 8.46 . 11.8
8 96 11.6 —
8 120 29,8 —>
6 24 1.94 2,72
6 36 2.2 3.17
6 48 2.68 3.60
6 60 "3.51 4086
6 72 3.48 5,61
6 84 hebl 6.95
6 96 5.55 2.23
6 108 2,70 ————
6 120 16,4 o
4 24 1.79 1.77
4 36 1,96 2.22
A 48 2,12 2.49
4 60 2.03 2.69
4 72 2.16 3.10
4 84 2.54 3.65
4 96 3,07 472
4 log 440 6,05
4 120 6,27 8.26
2 24 et 1020
2 36 e 1,27
2 48 — 1.30
2 60 ——— 1.36
2 72 v 1.44,
2 &, 1.48 1.59
2 % 1063 1-79
2 108 1.82 2.21
2 120 2038 2.73
2 132 3.6 FA VA
2 1£2.75 7.00 12,7 o




TABIE 8 ~ ATTENUATION OF GAMMA RAYS IN WATER TANK (ION CHAMBER MEASUREMENTS)

Water Water Hatefl z

Depth 2 Depth 2 Dept:

(inches) R/'Mki (inches) R/Mlﬁ (inches) R/‘Hﬂﬁ
2.20 3.86(2) 49,20 2.66(0) 96.15 5.44,(~2)
3.20 3.37(2) 50.20 2.43(0) 97.15 5,01(-2)
4.20 2.95(2) 51,20 2.22(0) 98.15 4.58(=2)
5,20 2,60(2) 52,20 2,02(0) 99,15 4.29(=2)
6.20 2.25(2) 53,20 1.85(0) 100.15 4.01(=2)
7.20 1.99(2) 54,420 1.72(0) 101.15 3.72(-2)
8.20 1,76(2) 55.20 1.57(0) 102,15 3.44(-2)
9.20 1.52(2) 56420 1.47(0) 103.15 3.15(-2)

10.20 1.35(2) 57,20 1.30(0) 104.15 2.86(~2)

11.20 1.22(2) 58,20 1.21(0) 105.15 2.69(-2)

12.20 1.07(2) 59..20 1.10{0) 106.15 2.49(=~2)

13.20 9.54(1) 60,20 1.00(0) -107.15 2.29(~2)

14.20 8.69(1) 61,20 9,05 («1) 108,15 2.13(=2)

15,20 7.74(1) 62.20 8.55(=~1) 109.15 1.98(-2)

16.20 6.90(1) 63.20 7.94(=1) 110.15 1.82(-2)

17.20 6.18(1) 64.20 . 7.34(=1) 111.15 1.69(=2)

18.20 5,52(1) 65,20 6.63 (~1) 112.15 1.56(=2)

19.20 4.93(1) 66.20 6.07(-1) 113.15 1.43(=2)

20.20 4.42(1) 67.20 5,62(-1) 114.15 1.32(-2)

21.20 3.94(1) 68.20 5.20(~1) 115.15 1.22(-2)

22,20 3.59(1) 69.20 4.72(-1) 116.15 1.13(=2)

23,20 3,24 (1) 70.20 4o41(=1) 117.15 1.04(=2)

25,20 2.65(1) 72,20 3.71(-1) 119.15 8.87(-3)

26.20 2.41(1; 73,20 3.41(-1) 120.15 8.30(~3)

27.20 2.17(2 74,20 3,17(~1) 121,15 7.59(=3)

28,20 1.93(1) 75.20 2.89(-1) 122.15 7.01(-3)

29,20 1.74(1) 76,15 2.72{-1) 123,15 6.44(=3)

30,20 1,60(1) 77.15 2.50{-1) 124.15 6.01(-3)

31.20 1.43(1) 78,15 2.30(-1) 125.15 5,58(-3)

32.20 1.37(1) 79.15 2.12(~1) 126.15 5.,15(=~3)

33.20 1.18(1) 80,15 1.98(-1) 127.15 4.72(=3)

34,20 1.,14(2) 81.15 1.80(~1) 128.15 Lobid (=3)

35.20 $.65(0) 82.15 1.65(=1) 129.15 4.15(=3)

36.20 9.27(0) 83.15 1.53(~1) 130.15 3,86(=3)

37.20 8.11(0) 84.15 1.42(~1) 131.15 3,58(=3)

38.20 7.39(0) .85,15 1.20(-1) 132.15 3.29(-3)

39,20 6.68(0) 86.15 1.20(~1) 133.15 3,01(=3)

40,20 6.06(0) 87.15 1,12(-1) 134.15 2.,69(-3)

41,20 5,63 (0) 88.15 1.03(-1) 135.15 2.46(=3)

42,20 5,20(0) 80.15 9.45(=2) 136.15 2.29(=3)

43.20 .62 20; 90.15 8.73(-2) 137.15 2.09(=~3)

44,020 4.19(0 91,15 8.02(=2) 138.15 1.95(=3)

45.20 3.82(0) 92,15 744 (=2) 139.15 1.80(-3)

46,20 3.48(0) - 93.15 6.87(=2) 140.15 1.57(=3)

47,20 3.17(0) 94.15 6.44(=2) 141.15 1.43(=3)

48,20 2,95(0) 95.15 5,87(=2)

x Roentgens per hour per megawatt pile power. A figure in parentheses denotes a power of 10.
Attenuation length for 2255 inches is 31.6 cm. x®y =0
. _r{h_




TABLE 9 - ATTENUATION OF GAMMA RAYS.IN WATER TANK (GM COUNTER MEASUREMENTS)

Hater

Depth Z

(4nches) G/mﬁ
18,50 1.812(6)
23.25 1.108(6)
26.81 6.563(5)
31,00 4,.088(5)
35,00 2.683(5
39.25 1.768(5
42.88 1,232(5)
47,50 8.761(4)
51,12 6.479(4)
55,00 4.742(4)
58,69 3.561(4)
63.38 2.628(4)
67.12 1.944(4)
70.9/ 1.472(4)
74.69 1.136(4)
78.69 8.349(3)
83.00 6.353(3)
87.12 4.830(3)
91.19 3.567(3)
95.25 2.775(3)
98,9/ 2,116(3)
103.31 1.541(3)
107.25 1.130(3)
131,38 8.770(2)
115.00 - 6,607(2)
119,31 4.882(2)
123.06 3.774(2)
127.25 2.794(2)
131.25 2.065(2)
134,94 1.582(2)
139.25 1.182(2)
143,00 8.84(1)

* Counts per minute per megawatt pile power,
A figure in parenthesis denotes a power of 10.

Attemuation length for Z2 55 inches is 31.6 cm.

x=sy=n0,

=75~




TABIE 10 - ANGULAR DISTRIBUTION OF GAMMA RAY FLUX EMERGING FROM WATER TANK

UNSHIEIDED GM COUNTER™

Angle™* Flux‘;' Angle™ l".T.ux‘EP
(iegrees) {C/Mbi) (degrees) (C/M=Mw)
'4100 1°4
=35.5 «0ody - 3.5 30.8
-31.3 2.6 - 1.5 27.4
-26.3 1.2 - 0,8 26,1
«25.5 3.2 0 2745
-21«3 1402 / 005 2405
«19.0 5.1 £ 2.7 26,0
~16.0 7.9 £ 5.0 30.4
-1405 10.8 % 8.0 5108
-12.5 15.6 £ 8.8 52,8
~11.0 26.5 £ 9.5 51.4
- 9.5 50.5 %11.5 30.4
- 7.5 59,9 £13.1 19.0
- 7.0 5900 ‘14.8 9.4
-~ 685 57.6 l1705 6.9
- 505 5301 ;2405 2.8
SHIELDED GM COUNTER®
-'3008 ’0-3 # 007 1.7
~21.5 0,9 £ 2.5 2.5
~13,0 -0.8 £ hd 2.4
-13.8 £0.5 £ 6.5 3.2
-11.0 A2 £ 8.8 4ol
- 9.5 #£4..0 A£10.7 1.7
- 7.5 #6.0 #12.5 1.1
- 5.5 #3.6 #15.0 1.4
- 305 %207 /1604 ‘0.3
~ 1.5 Fl.9 £19.5 0.5

¥ The unshielded GM counter refers to the counter in the collimator
alone., The shielded GM counter refere to the counter in the collimator
wvith a 2-1/2 inch lead plug directly in front of the counter.

¥X) positive angle corresponds to radiation emerging in a direction to
the west of the normal, a negative angle corresponds to radiation emsrging
in a direction to the east of the normal.,

4 Flux is given in counts per minute per megawatt pile power, with the

background (determined by filling the collimator Zith a lead plug in fromt
of the counter) subtracted., All flux values are £ 1 C/M-Md,

76w




TABIE 11 - VOID DIMENSIONS
SPHERES
Nominal Inside OQutside
Diameter Diameter Diameter
(inches) (inches) (4nches)
4 3.88 4,00
é 5.88 6,00
8 7.88 8.00
12 11.88 12.00
18 17.88 18.00
CYLINDERS
Nominal Inside Qutside Endplate
Diameter Diameter Diameter Thickness
{inches) (inches) (inches) {inches)
2 1.88 2,00 0.38
L 3.81 £..00 0,38
6 - 5081 6.@ 0038
8 7.81 8.00 0.38
12 11.81 12,00 0.38
18 17.75 18,00 0.38

Nominal length of cylindrical voids is the length
of ailr space inside the void,
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